Climatological monthly statistics of parameters that are widely used to characterize the environment for mesoscale convective systems in Japan is studied by using twice-daily (09 and 21 JST: Japan Standard Time) routine rawinsonde data from 18 stations of the Japan Meteorological Agency for the period between 1990 and 1999. The environmental parameters examined include CAPE (Convective Available Potential Energy), CIN (Convective Inhibition), precipitable water, SSI (Showalter Stability Index), and bulk Richardson number. The monthly medians of these parameters have the following characteristics: 1) Large values of CAPE generally occur in summer. Maximum of median CAPE is larger in the southwest than in the northeast of the Japan islands, and the month of the largest CAPE comes earlier in the southwest than it does in the northeast. At a majority of the stations, the medians of CAPE start to increase rapidly from June and remain large until September. 2) Minimum of SSI is generally found during the summer. SSI tends to be smaller for larger CAPE. The frequency that SSI becomes less than or equal to À2 K at 21 JST is significantly higher than that at 09 JST at all stations. In terms of the frequency that SSI becomes less than or equal to À2 K or 0 K, Tateno at 21 JST in August is found to be most unstable among the stations examined. 3) Most of the stations have large CIN in winter and small CIN in summer (July and August), indicating that convection may be triggered by a weaker forcing in summer. 4) Precipitable water shows a smooth seasonal variation with one peak during summer. Precipitable water at night (21 JST) is slightly higher than that at morning (09 JST) at most of the stations all the year round. 5) The largest Bulk Richardson number occurs during summer when CAPE is larger and vertical wind shear is smaller.
Introduction
There have been a number of case studies on mesoscale convective systems in Japan (e.g., Ogura et al. 1995; Suzuki et al. 2000) . In these studies, environmental parameters such as convective available potential energy (CAPE), bulk Richardson number (Weisman and Klemp 1982) , Showalter stability index (SSI; Showalter 1953) and so on are calculated to discuss the behavior of the convective systems in comparison with those in the United States and in idealized numerical simulations (e.g., Weisman and Klemp 1982) .
For example, Ogura et al. (1995) investigated a narrow cloud band developed over the Kanto plain in association with the passage of an extratropical cyclone. They showed that features of the band formation are similar to those of embedded areal type, as identified by Bluestein and Jain (1985) , although CAPE for the former is different from that for the latter. The back building type cloud bands (Bluestein and Jain 1985) were also observed over southern Kyushu (Kato 1998) and over the Kanto area (Seko et al. 1999 ). In the case study by Seko et al. (1999) strong vertical wind shear is similar to that of the back building type, while the CAPE is relatively small. Ishihara et al. (1995) studied an intense mesoscale rainband generated along the Baiu front, and showed that CAPE values around the rainband are between mean CAPE values for a tropical squall line (Zipser and LeMone 1980; Barnes and Sieckman 1984) and those for rainbands in the central United States (Bluestein and Jain 1985) . Suzuki et al. (2000) studied mini-supercell storms over the Kanto plain and compared their environmental parameters such as bulk Richardson number defined by CAPE and vertical wind shear with those of numerical experiments by Weisman and Klemp (1982) and those of typical supercell environments over the Great Plains.
In making such case studies in Japan, however, we often confront a difficulty in discussing how rare (or common) the observed values of the environmental parameters for a particular month at a particular location are. In order to answer this question, one needs to know climatological values of the environmental parameters. There have been several studies to have examined favorable environmental conditions for summer-time rain shower in Japan (e.g., Hirahara and Mizuno 2000; Taguchi et al. 2002) . However, no attempt to examine the climatology of environmental parameters in Japan has been made so far.
In this paper, we present the results of a climatological study of the environmental parameters for eighteen sites in Japan over a ten-year period between 1990 and 1999, using daily operational rawinsonde data of the Japan Meteorological Agency (JMA). The analysis focuses on variations of monthly medians of CAPE, CIN (Convective Inhibition), precipitable water, SSI, and bulk Richardson number. The paper is organized in the following way: The data and environmental parameters used in this study are described in sections 2 and 3, respectively. Section 4 presents the results of statistical analysis. Discussions are presented in section 5, and section 6 summarizes the results of this study.
Data
In Japan, eighteen observatories of JMA make routine rawinsonde observations at 09 and 21 JST every day (In the rest of this paper, the Japan Standard Time (JST) is used to denote time; 09 JST is 00 UTC). Since the data at all observatories have been stored on magnetic tapes since 1990 (Morikoshi et al. 1992) , the data between 1990 and 1999 are used for the analysis in this paper. The locations of the observatories are plotted in Fig. 1 Table 1 shows that some of the observatories such as Hachijojima, Kagoshima and Naze are located more than 100 m MSL (Mean Sea Level).
As shown in Table 1 , Kagoshima observatory moved from Yoshino-cho, Kagoshima Prefecture to Kagoshima city on February 25th of 1994, and the elevation lowered to less than 100 m MSL. Since the horizontal distance between the old and new stations is about 10 km, however, the effect on the statistical results is believed to be small.
Environmental parameters

CAPE
CAPE (Convective Available Potential Energy; Moncrieff and Miller 1976) is the net work exerted by the environment on an air parcel per unit mass (or equivalently energy per unit mass gained by the air parcel), which rises from the level of free convection (LFC) z LFC to the equilibrium level z EL where the virtual temperature excess first becomes zero above the LFC. It is defined by
where T vp and T ve are the virtual temperatures of the air parcel and the environment, respectively, and g is the gravitational acceleration. Although some studies used potential tempera-ture to calculate CAPE (e.g., Bluestein and Jain 1985) , virtual temperature that includes the effect of water vapor on buoyancy is used to calculate it more strictly in the present study (e.g., Doswell and Rasmussen 1994) . Note that ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi 2CAPE p gives an upper bound for the updraft of a convective storm.
Several issues on estimation of CAPE will be discussed in the next two subsections.
3.1.a Impact of virtual temperature correction
Two schemes to calculate CAPE have been used in the previous studies: One includes the correction due to water vapor, and the other without the correction. The correction is always positive, because an addition of water vapor to the dry air makes a parcel lighter.
The difference of CAPE due to the virtual temperature correction have been studied for 5394 soundings at 18 Aerological Observatories at 09 JST in 1998, where only the soundings that do not have zero CAPE are used. Figure 2 shows relative difference of the CAPEs defined by (CAPEv-CAPEd)/CAPEv, where CAPEv and CAPEd are CAPEs with and without virtual temperature correction, respectively. It is seen that large relative difference occurs for small CAPEv, while the relative difference approaches 0.1 with increasing CAPEv. Doswell and Rasmussen (1994) investigated the effect of ignoring the virtual temperature correction for the soundings in the United States. The behaviors of the relative difference described above are very similar to those in their study. Thus, it is important to include the virtual temperature correction when one calculates CAPE, especially for small values of CAPEv. As CAPEv is larger than CAPEd at least by 10%, one has to be careful about the way CAPE is defined when comparing with other studies. 
3.1.b Selection of initial parcel to be lifted
In addition to the virtual temperature correction as discussed above, another problem exists for calculating CAPE: Which parcel is to be lifted? One can think of two ways of selecting a parcel:
(A) The first way is to choose a parcel that has the largest CAPE in the lower troposphere. Doswell and Rasmussen (1994) , who discussed the problem of selecting which parcel is to be lifted, recommended this selection. (B) The second way is to consider a parcel having an average properties (with respect to mixing ratio and potential temperature) over a certain layer depth. Bluestein and Jain (1985) used the layer between surface and 500 m AGL (Above Ground Level), while Lucas et al. (1994) and Trier and Parsons (1995) used the lowest 50 hPa of the sounding.
In order to investigate the difference between the two methods, we have calculated CAPEs for both definitions for 3649 soundings at 09 JST between 1990 and 1999 for Tateno. Figure 3 shows CAPE(Max) and CAPE(layer), which are calculated according to the methods (A) and (B), respectively. It is seen that there is a significant difference between the two CAPEs. Thus, one should be also careful about the way a parcel is lifted when comparing with the other studies.
In this paper, we adopt method (A) for selecting the parcel, because there is no universal agreement upon what layer depth is to be used for method (B) . It is also difficult to determine a universally appropriate depth for which average properties are calculated for sounding data obtained over the region of about 2000 km in the latitude for various seasons. If CAPEs were calculated from raw sounding data with method (A), some data would have superadiabatic lapse rate near the surface, resulting in a CIN values of zero and the level of free convection right at the surface. The data used in this paper, however, are those for which a quality control (QC) has been performed by JMA, so that one does not need to worry about this problem.
CIN
CIN (Convective Inhibition; Colby 1984) is the net work per unit mass required to lift a negatively buoyant air parcel to the LFC z LFC . In this paper, it is defined by
where z i is the initial level of the air parcel that is lifted for calculating CAPE defined as Eq. (1). Note that CIN is defined only for soundings for which CAPE is positive. While CAPE is a measure of potential instability, CIN is that of thermodynamic stability.
Precipitable water
Precipitable water is defined as
q dp ð3Þ
where r v is the density of water vapor, q the specific humidity, z s the surface elevation, and p s the surface pressure. Instead of integrating from p ¼ p s to the top of the atmosphere, precipitable water is approximated by an integration from p ¼ p s to 500 hPa in this paper, since a considerable fraction of soundings have missing data above 500 hPa level in winter.*
Bulk Richardson number
To quantify relative importance of convective instability and vertical wind shear, Weisman and Klemp (1982) introduced a bulk Richardson number and found that types of convective storms are reasonably classified according to its magnitude. They defined the bulk Richardson number as
where SKE is Shear Kinetic Energy defined by
U 6 and V 6 are the density-weighted mean winds between the surface and 6 km AGL, and U 0:5 and V 0:5 are those between the surface and 0.5 km AGL.
3.5 SSI SSI (Showalter Stability Index) is based on the temperature excess of an air parcel lifted Fig. 3 . CAPE(max)(J kg À1 ) and CAPE (layer)(J kg À1 ) are calculated by using a parcel with the largest CAPE in the lower troposphere and a parcel with average properties within the lowest 50 hPa, respectively for 3649 soundings at 09 JST between 1990 and 1999 for Tateno.
* When the upper limit of the integration is changed to 400 hPa, the increase in its value is about 10%.
from 850 hPa to 500 hPa (Showalter 1953) . It is defined as
where T p500 is the temperature of an air parcel lifted adiabatically or moist-adiabatically from 850 hPa to 500 hPa, and T e500 is the temperature of the environment at 500 hPa. SSI is a measure of potential instability, and it is negative in typical convective situations.
Results
Climatological monthly environmental parameters for 18 stations in Japan have been calculated using data at 09 and 21 JST from 1990 to 1999. It turned out that the general characteristics of the seasonal variation of the monthly environmental parameters at 21 JST are similar to those at 09 JST. Accordingly, most of the results will be presented for 09 JST. For a particular station for each month, there are about 300 soundings at 09 JST.
There are several statistical quantities that characterize a representative value of a certain variable. Among these quantities most popular are mean, median, and mode. In this paper, medians will be used in most cases because most of distributions of the environmental parameters are not Gaussian but are significantly skewed.
CAPE
The month of maximum CAPEmed (denoted by CAPEmax) for each station is shown in Fig.  1 by the number in the parentheses, where CAPEmed is a monthly median of CAPE for that particular station. CAPEmax occurs in July in the southern part of Kyushu (Kagoshima) and at the southwest islands (Ishigakijima, Naha, Minamidaitojima and Naze). On the other hand, it occurs in August for most of the stations except for Wakkanai and Nemuro in Hokkaido island for which it occurs in September. CAPEmax at each station is also plotted in Fig. 1 Figure 4 shows monthly variations of CAPEmed from 1990 to 1999. CAPEmed at each station shows a significant seasonal variation. At a majority of the stations, CAPEmed starts to increase rapidly from June and remains large until September. Minamitorishima has the shortest period of small CAPEmed. Although Ishigakijima is located nearly at the same latitude as Minamitorishima, the period of small CAPEmed for the former is longer than that for the latter. Since Ishigakijima is closer to the continent, it appears that it experiences the effect of cold air outbreak more easily than Minamitorishima does. The feature at Chichijima is somewhat similar to that at Minamitorishima. Figure 5 shows the distribution of CAPE90 defined by the 90th percentile value among the CAPEs observed for each station during the statistical period of ten years. It is seen that CAPE90 also decreases with increasing latitude. As in Fig. 1 , the region with larger northsouth gradient of CAPE shifts northward as the longitude increases from 125 E to 140 E. For the convenience of presentation in the rest of this paper, the 18 stations are classified into four regions A-D according to the magnitude of CAPEmax and the range of seasonal variations of CAPEmed (cf. Fig. 4 
):
Region A: Minamitorishima, Chichijima, Ishigakijima, Minamidaitojima, Naha (Fig. 4a, b ), Region B: Hachijojima, Naze, Shionomisaki, Kagoshima (Fig. 4c ), Region C: Tateno, Fukuoka, Yonago, Wajima (Fig. 4d) , and Region D: Akita, Sendai, Wakkanai, Sapporo, Nemuro (Fig. 4e, f ) .
Instead of showing the results for all stations, most of the results in the rest of this paper will be presented for Ishigakijima (Region A), Kagoshima (Region B), Tateno (Region C), and Sapporo (Region D). Figure 6 shows frequency distributions of CAPE at 09 JST in August between 1990 and 1999. Although the frequency distribution at Ishigakijima is somewhat close to Gaussian, the distributions at other stations are far from it. It is seen that the most frequent value of CAPE decreases as the latitude increases. Table 2 shows four kinds of CAPE for rawinsonde stations. First, second, third and fourth rows represent maximum, 90th percentile, 75th percentile and median values, respectively. These values are believed to be useful when one makes a case study on a particular event and would like to know to what degree the observed CAPE is typical. Figure 7 shows seasonal variation of monthly median of SSI (denoted by SSImed) for the four stations at 09 JST. It is seen that SSImed is generally large in winter and small in summer. The smaller SSImed in summer reflects the larger potential instability. The SSImed in summer ranges between 1 and 6 K for the four stations, while those in winter range between 8 and 15 K. The SSImed for Kagoshima shows the largest seasonal variation, while that for Sapporo shows the smallest.
SSI
Figures 8 (a) and (b) show frequency distributions of SSI less than or equal to À2 K and 0 K, respectively, for the four stations at 09 JST and 21 JST for 1990-1999. For all stations the frequencies of SSI less than or equal to À2 K and 0 K are larger at 21 JST than those at 09 JST. It is worth noting that the frequencies of SSI less than or equal to À2 K and 0 K at 21 JST in August at Tateno are the largest among all of the 18 stations. Tateno is located in the center of the Kanto plain where lightning is observed most frequently in summer in Japan (Yoshida 2002) . Figure 7 shows that SSImed in August for Ishigakijima is smaller than that for Tateno. Thus, the atmosphere over Ishigakijima is more unstable than that over Tateno in August, although the frequency of SSI less than or equal to À2 K and 0 K at 21 JST in August at Tateno is larger than that at Ishigakijima. This seems to suggest that Tateno experiences more synoptic disturbances during August, and have smaller SSI occasionally. Figure 9 shows seasonal variation of monthly medians of CIN (denoted by CINmed) for the four stations at 09 JST. Most of the stations have large CINmed in winter and small CINmed in summer. This means that weaker forcing is required to trigger convection in summer. CINmeds at Ishigakijima and Kagoshima in summer (July and August) are less than 10 J kg À1 , whereas CINmed at Kagoshima in winter is two times as large as that at Ishigakijima. It is interesting to note that the range of seasonal variation is the largest at Tateno and it decreases both northward and southward. Figure 10 shows seasonal variation of monthly medians of precipitable water at 09 JST (solid line) and 21 JST (broken line) from 1990 to 1999 for the four stations. The seasonal variation of the precipitable water is represented by a smooth monotonic curve with a single peak in summer at all stations except at Ishigakijima where two peaks exist in summer. Note that Minamidaitojima, Naha, and Naze also have two peaks in summer (not shown). The difference between the maximum and the minimum is the largest at Tateno (40 mm), while it is the smallest at Ishigakijima (24 mm). For most of the stations, precipitable water at 21 JST is slightly higher than that at 09 JST all the year round. The difference of precipitable water between 09 and 21 781  285  263  36  56  68  92  248  706 2227 2129  995  136  86  53  20  23  35  47  75  210 1493 1603  451  62  30  21  2  3  5  11  15  50  776  996  135  11  2  1 JST is the largest in July and August at Tateno, and reaches about 5 mm. A discussion on the difference between 09 and 21 JST will be presented in subsection 5.2. Figure 11 shows monthly medians of SKE (Shear kinetic energy) defined by Eq. (5) for the four stations at 09 JST. It is seen that the monthly median of SKE (hereafter denoted by SKEmed) is generally large in winter, and small in summer. In all stations, SKEmed is less than 100 m 2 s À2 . The difference between the maximum and the minimum at each station is the largest at Kagoshima (77 m 2 s À2 ), whereas it is the smallest at Sapporo (48 m 2 s À2 ). 
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Discussions
Interannual variation of CAPE
In subsection 4.1, the climatological statistics of CAPE for ten years has been presented. In this subsection interannual variations for median CAPE are examined. Figure 13 shows interannual variations of CAPEmed for the four stations at 09 JST for July and August from 1990 to 1999. CAPEmed varies largely from year to year except at Sapporo where CAPEmed is relatively small. For example, at Tateno for July, CAPEmed attains its maximum value of 1465 J kg À1 in 1994 and the minimum value of 30 J kg À1 in 1993, whereas for August, the maximum is 2200 J kg À1 in 1995 and the minimum is 35 J kg À1 in 1991. We will hereafter focus our discussion on the interannual variations at Tateno with an emphasis on 1993 and 1994, although the variations at Ishigakijima and Kagoshima may be examined in a similar manner. As shown in Fig. 13 , CAPEmed in both July and August have a large difference between 1993 and 1994. The summer of 1993 was extremely cold and rainy, while that of 1994 was extremely hot and dry (e.g., Yasunari 1997) . In order to examine the difference in detail, daily variations of CAPE at Tateno at 09 JST for August of 1993 and 1994 are shown in Fig. 14 1994, it is greater than 1000 J kg À1 . The median of CAPE for 1993 is 57 J kg À1 , while that for 1994 is 1739 J kg À1 . In order to examine the difference between these two years, monthly mean profiles of temperature and water vapor mixing ratio at 09 JST of August in 1993 and 1994 for Tateno are shown in Fig. 15 . Temperature below 3 km MSL in 1993 is a maximum of about 4 K lower than that in 1994, and water vapor below 1.4 km MSL in 1993 is about 2 g kg À1 smaller than that in 1994, while that above 1.4 km MSL in 1993 is larger than that in 1994. Note that medians of precipitable water for August of both years are almost the same: The median is 42.7 mm for 1993, 43.0 mm for 1994. Since air parcels near surface are lifted for calculating CAPE, these differences of temperature and water vapor mixing ratio contribute to the difference of CAPE, resulting in larger CAPE in 1994 than that in 1993.
As shown in this subsection, environmental parameters including CAPE have considerable interannual variations. They may also change with decadal or interdecadal time scales, since it is known that regime shifts characterized by an abrupt transition from one quasi-steady climate state to another can occur (e.g., Nitta and Yamada 1989; Minobe 1997; Yasunaka and Hanawa 2002) . Thus, the statistical period of ten years may be somewhat short for discussing climatic values of the environmental parameters. It is hoped that more reliable climatic values will be obtained if sounding data suitable for calculating the environmental parameters are accumulated for a longer period. Several reasons for this may be speculated. First, thermally-induced mesoscale circulations are known to accumulate water vapor inland (e.g., Sasaki and Kimura 2001; Iwasaki and Miki 2001, 2002) . The increase of precipitable water at 21 JST at Tateno is likely due to the mesoscale circulations. Figure 17 shows vertical profiles of difference of mean specific humidity between 21 JST and 09 JST in August. At Tateno a significant increase of specific humidity is seen between 1 and 4 km MSL with a maximum at 3 km. This maximum appears to be due to return flow of the large-scale thermal circulations (Fujibe and Asai 1979) . Sapporo and Kagoshima exhibit maxima at somewhat lower elevation. These appear to be due to return circulations of 'ordinary' sea breezes. It is not certain, however, why the precipitable water at a small island like Ishigakijima experiences such an increase at 21 JST. A heat island circulation and growth of convective mixed layer during the daytime might contribute to the increase of the water vapor below 2 km. However, the cause for the significant increase of water vapor between 2 and 8 km MSL remains unknown. It might be related to an increased activity of cumulus clouds during the daytime, but needs further investigation.
Statistics of bulk Richardson number
As noted in the introduction, the bulk Richardson number (Weisman and Klemp 1982) is often used to classify the storm types. According to Weisman and Klemp (1982) , supercell storms occur for the bulk Richardson number less than or equal to 50 (See Table 1 and Fig. 14 of their paper) . In order to examine the degree of favorable environmental conditions for supercell storms in Japan, scatter diagrams of shear kinetic energy versus CAPE at 09 JST between 1990 and 1999 for the four stations are plotted in Fig. 18 . For each station, there are about 3650 soundings. Only a small fraction of soundings satisfy the condition that bulk Richardson number is less than or equal to 50 and CAPE is greater than or equal to 1000 J kg À1 to assure an occurrence of strong convection: 2.1% for Ishigakijima, 2.0% for Kagoshima, 1.1% for Tateno and 0.6% for Sapporo (Note that the upper right quadrant in each panel of Fig. 18 satisfies this condition) . These results indicate that favorable environmental conditions for supercell type storms occur rela- tive rarely in Japan. A careful examination of Fig. 18 suggests that the bulk Richardson number depends more strongly on the variation of CAPE, rather than that of low-level vertical wind shear. Thus, the types of storms are not likely to be prescribed by the bulk Richardson number alone, but are likely to be determined by both CAPE and shear. In fact, Wu and Yanai (1994) investigated the dependence of types of convective clouds (MCC, nonsquall cloud cluster, squall line and squall cloud cluster) on two environmental parameters (a cloud work function which is similar to CAPE and low level vertical shear † ), instead of using the bulk Richardson number alone (See Fig. 25 of their paper).
Summary and concluding remarks
In this paper we have examined climatological seasonal variations of CAPE, CIN, SSI, Bulk Richardson number, and precipitable water at 18 stations in Japan for the period between 1990 and 1999. Various statistical characteristics of the environmental parameters have been revealed:
(1) CAPE shows a seasonal variation with large values occurring in summer. Maximum of median CAPE in the southwest of the Japan islands is larger than that in the northeast. The month of the maximum median CAPE occurs in August at most of the stations except at those in the southwest islands, where it occurs in July. At a majority of the stations the median CAPE suddenly starts to increase in June, and remains large until September. (2) The period of minimum of median SSI generally occurs during the summer. At all stations, median SSI ranges from 0 to 16 K. The frequency that SSI becomes less than or equal to À2 K at 21 JST is significantly higher than that at 09 JST at all stations. In terms of the frequency that SSI becomes less than or equal to À2 K or 0 K, Tateno at 21 JST in August is found to be most unstable among the stations examined. (3) Most of the stations have large CIN in winter, and small CIN in summer (July and August), indicating that, in summer, convection can be triggered easily by a weak forcing. (4) The precipitable water at all stations shows smooth monotonic curves with a single peak during summer. Precipitable water at night (21 JST) is slightly higher than that in the morning (09 JST) at most stations all the year round. (5) The largest Bulk Richardson number occurs during the summer when CAPE is larger and shear is smaller.
When a particular storm occurs, its mesoscale environmental condition is often discussed in terms of CAPE, SSI, CIN, Bulk Richardson number and so on. However, it has not been shown clearly how significant the values of these parameters are at a particular season at a particular location in Japan. The present study provides a good background for various case studies in the past and in future, and for placing the environmental condition for individual mesoscale events. Although plenty of Note that the definition of low level vertical shear (jv(900 mb) À v(750 mb)j) by Wu and Yanai (1994) is different from that in this paper (Eq. (5)).
statistics for the mesoscale environmental parameters in Japan have been obtained in the present study, all the results cannot be presented here. More detailed figures and individual data together with the program to calculate the environmental parameters are presented for the reader's convenience on the World Wide Web (http://dpo.ori.u-tokyo.ac.jp/ dmmg/people/chuda/index.html).
